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Abstract 
Liquid analysis of mono-ethanolamine (MEA) solutions was performed by Fourier Transform Infrared 
(FTIR) spectroscopy by Attenuated Total Reflectance (ATR). Calibration spectra were obtained from a 
set of standard solutions of MEA. A calibration model for prediction of amine- and CO2 concentration in 
MEA solutions was obtained by PLS regression of the dataset. Online analysis of MEA solvent in a pilot 
plant was demonstrated by application of the developed model using a mobile setup for extractive 
sampling to an FTIR analyser. Our results show that liquid FTIR by ATR combined with multivariate 
methods such as PLS is well suited for analysis of amine solvents, both in the lab and for online process 
monitoring. 
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1. INTRODUCTION 
Process information regarding the CO2 loading (mol CO2/mol amine) and the amine concentration of 
solvents for CO2 capture are essential for amine based carbon capture plant operation and in various 
experimental apparatuses studying CO2 absorption. Conventionally, these liquid analyses have been 
performed manually by the use of relatively time-demanding methods. Manual off-line liquid analysis 
does not provide input data for real-time process control and optimization. In addition, the methods used 
are generally labour-intensive and impractical for studies of transient conditions during dynamic changes 
in a process. Both from a scientific- and an operational aspect, real-time data of CO2 loading and amine 
concentration during operation of experimental equipment and CO2 capture plants would provide much 
useful information for process characterization and control.  
 
Fourier Transform Infrared (FTIR) spectroscopy has substantial potential for scientific purposes and as a 
quantitative quality control tool for the industry. FTIR spectrometry has the advantage, compared with 
other methods that several compounds can be detected simultaneously, and the monitoring can be 
performed continuously. Recent advances in FTIR spectroscopy have allowed for rapid and accurate 
analysis of liquid samples in conjunction with Attenuated Total Reflectance (ATR) technology. FTIR 
ATR liquid analysis of CO2 absorption in amine solutions has demonstrated that both carbamate and 
carbonate formation can be monitored using this technique [1]. The advantage of choosing FTIR as a 
quantitative technique lies in its ability to readily carry out multi-component analysis in association with 
multivariate analysis methods such as Partial Least Squares (PLS) regression [2]. The objective of this 
work has been to develop a robust calibration model for liquid analysis of mono-ethanolamine (MEA) 
solutions with different amine concentration and CO2 loading. 
 
2. EXPERIMENTAL  
2.1 Standard solutions of MEA 
 
A large set of calibration solutions were prepared from pure 0($6LJPD$OGULFKSXULW\&22 
and distilled water. The set contained MEA concentrations in the range from 10-ZW)RUHDFK0($
concentration there were 11 solutions with different CO2 loadings in the range from 0-0.5 mol CO2/mol 
MEA. The solutions for each MEA concentrations were prepared by first making one stock solution 
gravimetrically of MEA (stock solution A). One half of the stock solution was loaded with CO2 by 
carefully bubbling CO2 (through a sinter) into the solution until the desired amount of 0.50 loading was 
reached (stock solution B). The solutions with other CO2 loadings were then obtained by mixing the 
unloaded (stock solution A) and high loaded solution (stock solution B) gravimetrically in different ratios. 
The MEA and CO2 concentrations of the two stock solutions were also analysed by titration methods. The 
MEA method is based on potentiometric titration with 0.2 N H2SO4, while the CO2 method is based on 
precipitation of BaCO3 with addition of BaCl2 and NaOH, precipitate dissolving in HCl and back titration 
with NaOH. In addition, all solutions were controlled with respect to CO2 concentration by analysis on an 
Apollo 9000 TOC Combustion Analyser (Teledyne Tekmar Co) run in TIC (Total Inorganic Carbon) 
mode. 
 
2.2 FTIR analysis 
 
Infrared (IR) spectra of MEA solutions were obtained on ABB FTLA2000 and ABB MB3000 Series 
Laboratory FTIR spectrometers using a PIKE MIRacle™ ATR cell with diamond as ATR crystal. Uptake 
parameters for the spectra were optimized and set to resolution 32 cm-1 and 32 scans for the calibration 
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samples. The measured spectral region was 700-4000 cm-1. During online measurements, 2 scans per 
spectrum were applied in order to obtain one spectrum per second from the analyser. 
 
2.3 Multivariate analysis 
 
A multi-component calibration model was obtained by PLS regression of IR spectra from ATR analysis 
of liquid samples of mono-ethanolamine (MEA) of different amine concentrations and CO2 loadings, with 
the calibration set spanning the MEA concentrations from 10-80 wt.and with CO2 loadings from 0.0 to 
0.5 mol CO2/mol MEA. The spectral regions from 770-1760 cm-1 and 2730-3760 cm-1 were chosen for 
the PLS-1 calibration model. In order to compensate for baseline drift and differences between 
instruments, the model includes pre-processing of the spectra: in addition to mean centering of the 
spectra, the average intensity in the region 3970 to 3990 cm-1 (near absorptionless region in all calibration 
spectra) is offset-corrected to intensity zero. Normalization is applied by setting the integral in the region 
830-825 cm-1 equal to 1 (this region has a near iso-spectric point for the calibration spectra). The software 
applied for multivariate analysis was Grams/AI 8.0. Cross validation was applied as diagnostic type for 
the multivariate models. 
 
3. RESULTS  
3.1 Multivariate analysis and calibration 
 
The samples set of standards used for calibration consisted of 86 samples of MEA at different amine 
concentrations (10-80 wt.DQG&22 loading (0.0-0.5 mol CO2/mol MEA). Figure 1 shows an overlay of 
all spectra from the calibration set. 
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Figure 1: FTIR ATR spectra from sample set of MEA standard solutions. Spectral resolution: 32 cm-1 and 32 scans pr. 
spectrum). 
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Principal component analysis (PCA) was applied on the resulting dataset. Figure 2 and 3 show results 
from the PCA. In Figure 2 the total percentage explained variance in the dataset is plotted as a function of 
number of principal components in the PCA. 
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Figure 2: Percentage explained variance in the dataset as a function of number of principal components from principal 
component analysis (PCA) of spectra in Figure 1. 
From Figure 2 it is seen that with only two principal components (PC) RIWKHWRWDOYDULDQFHLV
explained. Figure 3 shows a score plot from the PCA of PC 1 plotted against PC 2. 
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Figure 3: PCA score plot from the dataset of spectra in Figure 1. Colour codes indicate MEA concentration and data 
labels show the CO2 loading of each sample. 
The PCA score plot shows a clear grouping of the data with respect to MEA and CO2 concentration; clear 
trends are displayed of information on sample relationships with both CO2 loading and amine 
concentration having linear trend lines in the plot. 
 
Based on the calibration spectra in Figure 1, a multi-component calibration model for prediction of MEA 
concentration and CO2 loading was derived using PLS regression. Figure 4 and 5 show the resulting 
calibration curves obtained from the model. 
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Figure 4: Predicted vs. actual MEA concentration (mol/kg) from PLS-1 analysis using 4 factors. RMSEC=0.097 
mol/kg. 
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Figure 5: Predicted vs. actual CO2 concentration (mol/kg) from PLS-1 analysis using 4 factors. RMSEC=0.041 mol/kg. 
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Figure 4 and 5 show that the PLS model gives good prediction of the samples with good linearity in the 
calibration curves, both for concentration of MEA and CO2 (CO2 loading can be found by dividing CO2 
concentration by the MEA concentration). 
 
3.2 Error analysis 
 
The precision of the method was tested by analysis of different replicated MEA solutions and a summary 
of the results is given in Table 1. The results were obtained by analysis on two different instruments and 
as can been seen from Table 1 WKHSUHFLVLRQLVYHU\JRRGEHORZUHODWLYHIRUDOOVDPSOHVH[FHSWIRU
CO2 in the lowest amine concentration (10 wt. The data in Table 1 also gives information about the 
detection capabilities of the method. If using the lower limit of quantification (LOQ) as 10 times the 
standard deviation of a “blank” the data for 70 wt.0($unloaded yields a LOQ = 0.1 mol/kg for the 
CO2 determination. Similar the data for 10 wt.0($LQGLFDWHVD/24EHWWHUWKDQPRONJIRU0($ 
 
Table 1: Results from precision tests on 4 different solutions. SD is the standard deviation, RSD is relative standard 
deviation and n is the number of repeated analysis 
  10% MEA Loaded 30% MEA Loaded 70% MEA Loaded 70% MEA Unloaded 
  CMEA  
[mol/kg] 
CCO2 
[mol/kg] 
CMEA  
[mol/kg] 
CCO2 
[mol/kg] 
CMEA  
[mol/kg] 
CCO2 
[mol/kg] 
CMEA  
[mol/kg] 
CCO2 
[mol/kg] 
  
Mean 1.609 0.213 4.704 1.165 10.262 2.455 11.423 -0.022 
SD 0.011 0.008 0.020 0.005 0.022 0.011 0.005 0.011 
RSD        - 
n 19 19 19 19 20 20 10 9 
 
An overview of the total uncertainty may be obtained by combining the uncertainty of the following 
sources: standard solutions, calibration model and pure precision. This could be expressed as follows: 
 
 
  (1) 
 
 
The relative uncertainty for the standard solutions is estimated to EH   UHODWLYH IRU WKH 0($
FRQFHQWUDWLRQV DQG   UHODWLYH IRU WKH &22 concentrations. Using the root mean square of error 
(RMSEC) from the PLS calibration and the precision data in Table 1 combined with Eq. [1] yields a 
UHODWLYHXQFHUWDLQW\RIIRU0($DQGIRU&22. These uncertainties are then with a coverage 
IDFWRURIFRUUHVSRQGLQJWRRQHVWDQGDUGGHYLDWLRQ7KLVFDOFXODWLRQLVEDVHGRQWKH0($VROXWLRQ
(loaded). Normally the absolute uncertainty increases with increasing concentration while the relative 
uncertainty decreases with increasing concentration and the estimated uncertainty is expected to be 
representative for concentrations down to around 2.5 times the LLQ. 
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3.3 Model robustness and outlier detection 
 
In order to test the robustness of the model pre-processing procedure, samples of known concentration 
were analysed on different instruments with an absorption intensity scaling factor in the spectrums of up 
to 0.65 compared to the instrument used for the calibration samples. Also for these instruments the model 
gave good prediction of both MEA concentration and CO2-loading, indicating proper model pre-
processing. 
 
Addition of potential impurities to the samples was tested in order to investigate the robustness of the 
model prediction for partly degraded MEA samples. Ammonia and formic acid were mixed in different 
concentrations and ratios in MEA standard samples. The tests showed that the predictions from the 
calibration model were not significantly affected by 1000 mg/l NH3 and 1000 mg/l formic acid added to 
the MEA samples. In general, our results show that the relative low sensitivity of the ATR FTIR method 
makes the method robust towards interference from compounds present in relatively low concentrations 
in the sample. The high concentration of amine in an amine solvent system is ideal for quantification 
purposes, while the method would be less suited for quantification of components present at low 
concentration. Interference from unwanted components present in higher concentrations can also be 
avoided by the selecting of spectral regions used in the calibration model. 
 
For industrial purposes, information regarding the state of the solvent can be obtained by implementing 
outlier detection in the multivariate calibration model. An algorithm for automatic warning upon atypical 
samples was implemented. For a given set of defined outlier threshold criteria, the online software then 
classifies the samples into three categories; green, yellow or red. Yellow samples show signs of 
degradation, while samples classified as red are highly degraded or samples other than aqueous MEA. In 
this work, the outlier threshold values were set based on empirical data from different degraded MEA 
samples. 
 
 
3.4 Online measurements 
 
A mobile instrumental setup was constructed for extractive sampling of liquid through a temperature 
controlled FTIR ATR flow-cell. The skid was applied for online solvent (MEA) analysis in the absorption 
column of a pilot plant for amine based CO2 capture.  Liquid samples of MEA out of the CO2 absorption 
column were continuously extracted and analysed online by the setup during operation of the column. 
Figure 6 shows an example of results from online analysis by this setup. 
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Figure 6: Example of online measurement of CO2 ORDGLQJ RI ULFK ZW0($ VROYHQW GRZQVWUHDP WKH DEVRUSWLRQ
column during dynamic operation of the pilot plant.  
 
The results presented in Figure 6 are online measurements of CO2 loading of 30 wt.0($LQDQDPLQH
absorber during operation at transient conditions. The online measurements were verified by judgment 
sampling and subsequent off-line manual analysis. The results show how transient changes in the CO2 
loading of the solvent are monitored as a function of time by the method.  
 
 
4. CONCLUSION 
A multi-component calibration model for analysis of amine concentration and CO2 loading in MEA 
solutions has been obtained by PLS regression of FTIR ATR spectra of a set of standard MEA solutions. 
Total uncertainty in sample analysis by the method was HVWLPDWHGWRDUHODWLYHXQFHUWDLQW\RIIRU
0($ DQG  IRU &22 in predicted concentrations (mol/kg). The analysis was not affected by the 
presence of 1000 mg/l NH3 and 1000 mg/l formic acid added to the MEA samples. Online analysis of 
MEA solvent in a pilot plant was demonstrated by application of the developed model using a mobile 
setup for extractive sampling to an FTIR analyser with ATR flow cell. The ATR method is also well 
suited for at-line or manual lab analysis; sample analysis is performed in a few seconds by adding a 
droplet for analysis onto an ATR cell setup. Our results show that liquid FTIR by ATR combined with 
multivariate methods such as PLS is well suited for analysis of amine solvents, both in the lab and for 
online process monitoring. 
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